Objective: The pathogenesis of CM-I is incompletely understood. We describe an association of CM-I and TCS that occurs in a subset of patients with normal size of the PCF. Methods: The prevalence of TCS was determined in a consecutively accrued cohort of 2987 patients with CM-I and 289 patients with low-lying cerebellar tonsils (LLCT). Findings in 74 children and 244 adults undergoing SFT were reviewed retrospectively. Posterior cranial fossa size and volume were measured using reconstructed 2D computed tomographic scans and MR images. Results were compared to those in 155 age-and sex-matched healthy control individuals and 280 patients with generic CM-I. The relationships of neural and osseus structures at the CCJ and TLJ were investigated morphometrically on MR images. Intraoperative CDU was used to measure anatomical structures and CSF flow in the lumbar theca. Results: Tethered cord syndrome was present in 408 patients with CM-I (14%) and 182 patients with LLCT (63%). In 318 patients undergoing SFT, there were no significant differences in the size or volume of the PCF as compared to healthy control individuals. Morphometric measurements demonstrated elongation of the brain stem (mean, 8.3 mm; P b .001), downward displacement of the medulla (mean, 4.6 mm; P b .001), and normal position of the CMD except in very young patients. Compared to patients with generic CM-I, the FM was significantly enlarged (P b .001). The FT was typically thin and taut (mean transverse diameter, 0.8 mm). After SFT, the cut ends of the FT distracted widely (mean, 41.7 mm) and CSF flow in the lumbar theca increased from a mean of 0.7 cm/s to a mean of 3.7 cm/s (P b .001). Symptoms were improved or resolved in 69 children (93%) and 203 adults (83%) and unchanged in 5 children (7%) and 39 adults (16%) and, worse, in 2 adults (1%) over a follow-up period of 6 to 27 months (mean, 16.1 months ± 4.6 SD). Magnetic resonance imaging 1 to 18 months after surgery (mean, 5.7 months ± 3.8 SD) revealed upward migration of the CMD (mean, 5.1 mm, P b .001), ascent of the cerebellar tonsils (mean, 3.8 mm, P b .001), reduction Abbreviations: 4VH, height of the fourth ventricle; ADHD, attention deficit hyperactivity disorder; BSL, axial length of the brain stem; CCJ, craniocervical junction; CDU, color Doppler ultrasonography; CM-I, Chiari malformation type I; CMD, conus medullaris; CSF, cerebrospinal fluid; CT, computed tomography; EMG, electromyography; FM, foramen magnum; FT, filum terminale; KPS, Karnofsky Performance Scale; LLCT, low-lying cerebellar tonsils; MH, height of the medulla; MR, magnetic resonance; MTH, minimal tonsillar herniation; PCF, posterior cranial fossa; PCFV, posterior cranial fossa volume; PFBV, posterior cranial fossa brain volume; SFT, section of the FT; SSEP, somatosensory evoked potential; TCS, tethered cord syndrome; TLJ, thoracolumbar junction; TH, tonsil herniation. There is preliminary evidence that SFT can reverse moderate degrees of tonsillar ectopia and is appropriate treatment for cerebellar ptosis after Chiari surgery in this cohort.
Introduction
Chiari malformations comprise a heterogeneous group of hindbrain disorders that have in common herniation of the cerebellar tonsils through the FM. The type I deformity (CM-I), defined as tonsillar herniation of 5 mm or greater [11] , is encountered commonly in clinical practice. There is accumulating evidence that CM-I is a disorder of the paraxial mesoderm caused by underdevelopment of the PCF, overcrowding of the normally developed hindbrain, and downward displacement of the cerebellar tonsils [4, 31, 32, 38, 43, 44, 62, 73] . The prevalence of CM-I is estimated to be in the range of 1 per 1000 to 1 per 5000 individuals [64] . Familial transmission can occur by autosomal recessive inheritance or autosomal dominant inheritance with incomplete penetrance, but most cases occur sporadically [38, 64] .
The impetus for this study was the identification of TCS in occasional patients referred for the evaluation of failed Chiari surgery before 2002. To examine a possible relationship of TCS and tonsillar herniation, we analyzed a consecutively accrued cohort of patients with CM-I to determine the incidence of the combined disorder. Clinical and radiographic findings were supplemented by morphometric measurements of the brain and spinal cord before and after SFT. The validity of criteria for the diagnosis of TCS was tested by surgical outcome data.
Clinical material and methods

Study population
The study population was composed of 2987 patients with MR imaging-confirmed CM-I and 289 patients with LLCT who were evaluated consecutively between January 2002 and July 2007. A total of 1507 patients (46%) had been referred for evaluation after failed Chiari surgery. There were 2488 female and 788 male patients who ranged in age from 1 to 88 years (mean age, 30.4 ± 4.0 years [±SD] ). Children were defined as individuals between the ages of 0 to 18 years.
Assessment tools
A database (Microsoft Office Excel 2007) was established for each patient that included a detailed medical history and a checklist of symptoms and signs. Questionnaires were developed to elicit information on the family history, clinical features of CM-I, and clinical features of TCS. All patients underwent a physical examination, complete neurologic examination, whole-neuraxis MR imaging, CT of the head with 2D and 3D reconstruction, cine-MR imaging, and measurement of articular mobility. Additional information was provided in some patients by urodynamic testing, prone and vertical MR imaging, flexion and extension radiography of the cervical spine, CT scanning of the spine, barium swallow, 24-hour sleep monitoring, continuous cardiac monitoring, electrocardiography, echocardiography, tilttable testing, audiography, vestibular function tests, and neuropsychological assessments. The clinical disability of each patient was measured using the KPS, with scores ranging from 0 to 100 [39] .
The clinical and radiographic/imaging criteria for establishing the diagnosis of CM-I have been described previously [38] . For the purposes of this study, we adopted the narrow but widely accepted definition of CM-I as tonsillar herniation of 5 mm or greater below the FM [11] . We defined MTH as tonsillar descent of 5 to 7 mm below the FM. Tonsillar descent of 0 to 4 mm was defined as LLCT.
The diagnosis of TCS was based on the following nonspecific but generally accepted symptoms and signs: urinary dysfunction (including incontinence, urgency, sensory loss, incomplete emptying of the bladder), bowel incontinence, low back pain, leg and foot pain, numbness of the soles of the feet, gait disturbance, leg weakness, atrophy of calf muscles, loss of deep tendon reflexes in the lower extremities, thoracolumbar scoliosis, equinovarus or equinovalgus deformities of the feet, and spinal dysraphism [2, 10, 18, 28] . Traditional radiographic findings included evidence of a low-lying CMD below the lower endplate of L 2 and fatty infiltration or thickening (N2.0 mm diameter) of the FT [23] . In this study, we extended the radiographic criteria to include patients with the CMD positioned above the lower endplate of L 2 and absence of fatty infiltration or thickening of the FT, if patients evidenced classical symptomatology and met 5 or more of the following criteria: (1) neurogenic bladder confirmed by urodynamic testing, (2) positive toe walking test (relief of symptoms including low back pain and urinary urgency), (3) positive heel walking test (increase of symptoms including low back pain and urinary urgency), (4) positive pelvic traction and flexion test (increase of symptoms including low back pain and urinary urgency), (5) terminal thoracic syringomyelia (T 5 or below) in the absence of a rostral cavity, (6) thoracolumbar scoliosis [20, 77] , (7) spina bifida occulta, and (8) dorsal position of the FT on prone or vertical MR imaging.
Morphometric and volumetric analysis of the PCF
All morphometric measurements and volumetric calculations in this study were made by a single experienced observer (MN) who was unaware of other study data to avoid interobserver variability, which can increase the coefficient of error to more than 5% [8] . The results were reviewed independently by two experienced observers, who oversaw the process and verified all calculations. Using reconstructed 2D CT and MR imaging, the size of the occipital bone was determined by measuring its enchondral components (exocciput, basiocciput, and supraocciput) which enclose the PCF [31, 32, 43, 46] . Patients were excluded if they were 15 years of age and younger, or older than 69 years, to eliminate age-related changes of the skull and brain [63] . We measured the axial length of the clivus (basiocciput and basisphenoid) from the top of the dorsum sella to the basion; the axial length of the supraocciput from the center of the internal occipital protuberance to the opisthion; the axial length of the occipital condyle (exocciput) from the top of the jugular tubercle to the bottom of the occipital condyle [40, 43, 46] ; and the widths of the clivus (distance between the bilateral carotid canals), supraocciput (distance between the inner surfaces of the asterions), and occipital condyle (distance between the outer surfaces of the condyles). We measured the anterior-posterior diameter of the FM between the inner surfaces of the basion and opisthion and its greatest inner transverse diameter (width). Radiographic analysis software (Image J, National Institutes of Health, Bethesda, MD) was used to calculate the surface area of the FM. The results were compared to those in 75 age-and sex-matched healthy control individuals.
The PCFV, PFBV, and PCF CSF volume were calculated on reconstructed 2D CT images using the Cavalieri method [8, 33, 38, 51] or radiographic analysis software (Image J). The PCF was defined as the nearly spherical space bounded by the tentorium, occipital bone, clivus, and petrous bone [38, 43] . The ridges of the petrous bone form the anterolateral border of the PCF and their connection to the posterior clinoids (posterior petroclinoid ligament) forms the anterior border. Volumetric calculations were compared to those in 75 age-and sex-matched healthy control individuals.
Morphometric analysis of the TLJ and CCJ
Neural and osseus relationships at the TLJ were investigated using MR imaging. The position of the CMD was measured as the distance between the plane of the upper endplate of L 1 and the tip of the conus on midsagittal T-2 weighted images (Fig. 1A) . In rare instances in which the FT could be identified clearly by fat signal, its transverse diameter was measured at L 4 on T1-weighted axial MR images.
Brain and bone structures comprising the PCF were investigated using T1-weighted MR images in the midsagittal plane (Fig. 1B) . The cervicomedullary junction was identified radiologically by the inferior margin of the gracile tubercle [50] . We assessed brain and bone relationships using new measurements developed by us. The BSL was measured from the mesencephalic-pontine junction to the posterior-inferior margin of the gracile tubercle. We measured the MH from the pontomedullary junction to the FM along a line drawn perpendicular to McRae's line. The 4VH was measured as the perpendicular distance between Twining's line and the posterior apex of the fourth ventricle. For purposes of redrawing McRae's line after suboccipital craniectomy, the length of a line perpendicular to Twining's line and extending from the internal occipital protuberance to McRae's line was measured on preoperative films ( Fig. 2A) . The extent of cerebellar TH was measured from the tip of the cerebellar tonsils, or the tip of the more descended tonsil, to the McRae's line [37] . MR imaging was repeated 1 to 18 months postoperatively (mean, 5.7 months ± 3.8 [±SD]), and morphometric findings before and after SFT were compared with 155 age-and sex-matched healthy control individuals.
Surgical technique
Operations were performed under general anesthesia and continuous SSEP and EMG monitoring. All patients were positioned prone on a standard, nonflexible operating table with bolsters under the shoulders and hips that maintained some degree of lumbar lordosis. An L 4 laminectomy was performed after localizing the correct level with a cross-table lateral x-ray or fluoroscopy. Using CDU, intrathecal structures were imaged between L 3 and L 5 and the transverse diameter of the FT was measured at L 4 on magnified images. CSF flow was measured as described elsewhere [36] . Thereafter, the dura was opened, the cauda equina and FT (32) Numbers in parentheses denote percentages. a Toe walking, heel walking, and pelvic traction tests. ⁎ Significant differences between children and adults (P b .05). ⁎⁎ Significant differences between children and adults (P b .01). ⁎⁎⁎ Significant differences between children and adults (P b .001).
were mapped with a nerve stimulator, and the FT was sectioned after coagulating a short segment (2-4 mm) with bipolar forceps. The dura was closed with continuous, locking sutures of 5-0 Gore-Tex, and repeat CDU measurements were made. Before closing the wound, the patient was placed in extreme reverse Trendelenburg position, and a series of Valsalva maneuvers was performed. Cerebrospinal fluid leaks through stitch holes or ectatic dura were reinforced with thin strips of autogenous paraspinal muscle or fascia sewn in place with interrupted sutures of 5-0 GoreTex using an outer layer suturing technique. The dura was covered with a blood patch and the wound was closed.
Statistical analyses
Statistical analyses of clinical data were performed with SPSS for Macintosh (version 13.0 SPSS Inc, Chicago, Ill). Mean values are presented as ±SDs. The incidence of associated clinical and radiographic findings was assessed using independent Student t tests. Categorical data were analyzed using 2×2 contingency tables from which χ 2 were calculated and the corresponding P values were established. Analyses of morphometric data were performed with SPSS for Macintosh (version 13.0 SPSS, Inc). Demographic differences between patients and healthy control individuals were tested with the nonparametric Mann-Whitney U test. Comparisons of data before and after surgery were tested with rANOVA (repeated analysis of variants). The distribution of the data was analyzed using the F test. Significance was indicated by a 2-tailed probability value of less than .05.
Results
Prevalence of CM-I/TCS and LLCT/TCS
Four hundred eight of 2987 patients with CM-I (14%) and 182 (63%) of 289 patients with LLCT met the diagnostic criteria defined here for TCS. The criteria were tested by intraoperative findings and surgical outcome data in 318 patients undergoing SFT.
Characteristics of patients
The characteristics of patients undergoing SFT are shown in Table 1 Mean values are expressed as ± SDs. a Distance between Twining's line and posterior apex of fourth ventricle. ⁎ Significant differences (larger) as compared to normal controls (P b .001). † Significant differences (smaller) as compared to normal controls (P b .001). ‡ Significant differences (larger) as compared to LLCT/TCS group (P b .01).
All but 2 families appeared to have descended through the maternal lineage. It is likely that the number of affected relatives is underrepresented since one or more first-degree relatives in 92 additional families have a positive clinical diagnosis of CM-I/TCS or LLCT/TCS that has not been validated by SFT.
Clinical presentation of patients
The diagnostic findings in 74 children and 244 adults undergoing SFT are given in Table 2 . The clinical presentation of the 2 age groups was similar except for an increased incidence of pelvic numbness (P b .001), low back pain (P b .01), interscapular pain (P b .001), paraesthesias of the hands and feet (P b .01), and arm pain or numbness (P b .01) in adults, and an increased incidence of pes cavus deformity (P b .01), urinary disturbances (P b .01), and ADHD (P b .001) in children. The diagnosis of ADHD was considered positive only if it had been made by a psychiatrist or clinical psychologist.
Sixty-three children (85%) and 217 adults (89%) met the diagnostic criteria for CM-I. The remainder had LLCT. The incidence of TH extending 8 mm or more below the FM was greater in children than adults (65% compared with 48%, P b .05, respectively), and the incidence of MTH was less in children than adults (20% compared with 41%, P b .01, respectively). The incidence of cervicothoracic, holocord, and terminal thoracic syringomyelia was similar in the 2 age groups. Thoracolumbar scoliosis, defined as trunk rotation equal to or greater than a Cobb angle of 15° [20, 77] , was more prevalent in children than adults (32% compared with 19%, P b .05, respectively).
The position of the CMD was assessed on sagittal MR images after counting the number of lumbar vertebral bodies on plain x-rays. Lumbarization of S 1 was present in 8 children (11%) and 18 adults (7%). The tip of the CMD was positioned above the lower end plate of L 2 in 300 of 318 patients (94%). There was a greater incidence of low position of the CMD in children than adults (19% compared with 2%, P b .001, respectively). Urodynamic testing revealed a greater incidence of neurogenic bladder in children than adults (76% compared with 53%, P b .001, respectively).
Patients with failed Chiari surgery had a varied clinical presentation but typically gave a history of postoperative 63% ). Fifty-one patients (33%) had a cerebellar hernia extending through the cranial defect. There were no significant differences in the incidence of cerebellar ptosis or hernia in children as compared to adults.
Morphometric and volumetric analysis of the PCF
As shown in Table 3 , patients with generic CM-I evidenced significant reductions in occipital bone size, PCFV, PCF CSF volume, and size of the FM as compared to healthy control individuals (P b .001). There were no significant differences in occipital bone size, PCFV, and PCF CSF volume in patients with CM-I/TCS or LLCT/TCS. The size of the FM, measured as the anterior-posterior and transverse diameters and calculated as area (mm 2 ), was significantly enlarged in patients with CM-I/TCS and LLCT/ TCS as compared to healthy control individuals. 
Morphometric analysis of the TLJ and CCJ
The morphometric relationships of osseus and neural structures at the TLJ and CCJ are given in Table 4 . In healthy control individuals, the position of the CMD, measured as the distance between the upper endplate of L 1 and the tip of the CMD (see Fig. 1A ), moved rostrally by arithmetic progression during growth and development from a mean of 28.2 mm ± 8.9 SD at 0 to 3 years of age to a mean of 21.2 ± 11.8 SD at maturity. There were no significant differences in the position of the CMD in patients with CM-I/TCS, LLCT/ TCS, and healthy control individuals after the age of 8 years, although the measurements had large SDs that are common to normal distribution curves [60] . In patients between the ages of 0 and 7 years, the position of the CMD was low as compared to healthy control individuals (mean, 28.3 and 23.1 mm, P b .01, respectively). The FT could be identified reliably by MR imaging in only 9 children (12%) and 20 adults (9%).
The BSL, measured as the distance between the mesencephalic-pontine junction and the posterior-inferior margin of the gracilis tubercle, was greater in patients with CM-I/TCS and LLCT/TCS as compared to healthy control individuals in all age groups (mean, 8.3 mm, P b .001). The extent of brain stem elongation was greater in children than adults (mean, 10.1 and 5.5 mm, P b .001, respectively). We excluded assessments in 9 of 74 children (12%) and 35 of 244 adults (14%) in whom the inferior margin of the gracilis tubercle could not be identified reliably.
There were no significant differences in the extent of tonsillar herniation in children and adults. The MH was reduced by a mean of 4.6 mm (P b .001), and the distance of the fourth ventricle below Twining's line was increased by a mean of 4.2 mm (P b .001) as compared to healthy control individuals. Reductions of the MH and increases in the distance of the fourth ventricle below Twining's line were taken as evidence of downward displacement of the hindbrain in the absence of a short clivus and short supraocciput. These abnormalities tended to be pronounced in patients who developed cerebellar ptosis after Chiari decompression surgery (Fig. 2B) . Numbers in parentheses denote percentages. Mean values expressed as ± SDs. ⁎ Significant differences between children and adults (P b .001). † Significant differences between children and adults (P b .01). 
Intraoperative CDU measurements
The dorsal dura between L 3 and L 5 was typically thin and semitransparent with a midline area of ectasia that resembled a wear track (Fig. 3A) . The FT was identified on magnified axial CDU images and appeared as a thin, taut midline structure that was positioned posteriorly immediately beneath the overlying dura (Fig. 3B) . Most fila had a weak or absent signal for fat and exhibited restricted or absent movements with respirations. No fila evidenced a central canal. The width of the FT, measured as its transverse diameter, varied from 0.4 to 3.2 mm and decreased steadily during growth and development from a mean of 1.8 mm between the ages of 0 to 3 years to a mean of 0.8 mm at maturity (P b .01). The cauda equina tended to be arranged in tightly packed lateral bundles against the overlying dura and exhibited restricted movements with respirations. After SFT (Fig. 3C) , the roots of the cauda equina were more evenly arranged and exhibited vigorous movements with respirations. The divided ends of the FT separately widely (mean distance, 41.7 mm ± 3.1 SD). This magnitude of distraction was out of proportion to the coagulated segment and seemed to correlate with a visualized snap and brisk retraction at the moment of sectioning. The distracted ends of sectioned fila did not remain in a posterior position and fell limply into the ventral subarachnoid space (Fig. 4) . In 25 patients (8%) in whom the diameter of the FT was 2 mm or greater, the divided ends retracted less briskly and were separated by shorter distances varying from 9 to 21 mm.
Color Doppler ultrasonography measurements of CSF flow were made transdurally before and after SFT. Before SFT, measurable CSF flow was confined mainly to the ventral subarachnoid space. The flow characteristics consisted of a mean peak velocity of 0.7 cm/s (±0.6 SD), bidirectional movement, low power, high resistance, and a waveform exhibiting vascular variations (Fig. 3D) . After SFT, measurable CSF flow was typically present in the dorsal and ventral subarachnoid spaces and in multiple streams between individual nerve roots and had the following characteristics: a mean peak velocity of 3.7 cm/s (±1.4 SD), bidirectional movement, high power, low resistance, and a waveform exhibiting vascular and respiratory variations (Fig. 3E) . The increase of CSF flow velocity after SFT was statistically significant (P b .001). Table 5 summarizes outcome data in 318 patients undergoing SFT over a follow-up period of 6 to 27 months (mean, 16.1 ± 4.6 months [±SD]). Spinal cord retethering occurred in 2 children, one of whom had dense lumbar arachnoiditis from a prior lumboperitoneal shunt. Complications in adult patients included wound infection (3 patients), CSF leak (2 patients), lumbar spine instability (1 patient), and epidural hematoma (1 patient). The unusually low incidence of CSF leaks in this series (0.6%) was felt to be a direct function of the surgical techniques used to repair thin or ectatic dura and for sealing stitch holes.
Surgical outcome
Before untethering surgery, a posterior fossa decompression or revision had been performed in 69 patients (22%), including 34 patients with tonsillar herniation below Presenting symptoms and signs were improved in 69 (93%) of 74 children and 203 of 244 adults (83%), unchanged in 5 children (7%) and 39 adults (16%), and worse in 2 adults (1%). A complete resolution of symptoms occurred more frequently in children than adults (36% compared to 18%, P b .001, respectively). The comparatively small number of patients in whom symptoms resolved completely appeared to be related to the coexistence of TCS and hindbrain herniation, comorbidities such as syringomyelia and scoliosis, and the consequences of prior surgical treatment. In general, symptoms that tended to resolve in the immediate postoperative period included numbness and burning of the soles of the feet, leg pain, urinary disturbances, pelvic numbness, interscapular pain, paraesthesias of the hands, and low back pain once surgical pain had subsided. Other symptoms such as neck pain, suboccipital headaches, and dizziness tended to improve over weeks or months. At follow-up, 11 (65%) of 17 children and 1 (33%) of 3 adults with ADHD had improved sufficiently that medications had been reduced or discontinued by the treating physician.
Terminal thoracic syrinxes resolved or were smaller in 20 (87%) of 23 children and 35 (65%) of 54 adult patients after SFT (Fig. 5) . In contrast, cervicothoracic and holocord syrinxes did not resolve completely in either age group, although there was a 20% or greater reduction in the length and/or diameter of cavities in 9 (50%) of 18 children and 12 (28%) of 43 adults. Thoracolumbar scoliosis resolved or was reduced to a Cobb angle of 10°or less in 16 (67%) of 24 children and 11 (23%) of 47 adult patients during the period of follow-up. In 187 patients with neurogenic bladder, urodynamic abnormalities resolved or improved in 52 children (93%) and 110 adults (84%). Complete resolution of urodynamic dysfunction was greater in children than adults (66% as compared to 17%, P b .001, respectively).
Postoperative assessments of the TLJ and CCJ
As shown in Table 6 , morphometric assessments after SFT revealed upward migration of the CMD by a mean distance of 5.1 mm (P b .001). The extent of CMD ascent was greater in children than adults (mean, 7.7 mm compared with 4.8 mm, P b .01, respectively). Morphometric measurements of the CCJ revealed a reduction of BSL (mean, 3.9 mm, P b .001), increased MH (mean, 3.3 mm, P b .001), decreased TH (mean, 3.8 mm, P b .001), and decreased distance of the fourth ventricle below Twining's line (mean, 2.6 mm, P b .01). These changes were present in 69 children and 203 adult patients whose symptoms improved or resolved after SFT and in 6 adults whose symptoms were unchanged. Increases of MH and decreases of TH and the distance of the fourth ventricle below Twining's line were taken as evidence of upward migration of the brain stem and cerebellum (Fig. 6 ). Hindbrain ascent after SFT was associated with reduced impaction of the FM and reduced size of some cervicothoracic and holocord syrinxes (Fig. 7) . In patients with cerebellar ptosis and persistent or recurrent tonsillar herniation after Chiari surgery, SFT for previously unrecognized TCS resulted typically in ascent of the hindbrain and reshaping of the ptotic cerebellum (Fig. 8) .
Discussion
The relationship of spinal cord tethering and Chiari malformations has long attracted interest and speculation. Early investigators believed that Chiari malformation type II was caused by spinal cord traction occurring with spina bifida and myelomeningocele [3, 14, 29, 45] . Lichtenstein [29] proposed that caudal fixation of the spinal cord in utero prevents the normal ascent of the neuraxis during growth and development, resulting in downward displacement of the cerebellum and brain stem through the FM. This cord traction theory was generally dismissed as an oversimplification that did not account for the complex neural as osseus anomalies of Chiari malformation type II [35, 54] and did not explain why nerve roots below the mid-thoracic level coursed normally rather than cephalad as would be expected if there was significant downward traction on the CMD [6] . Unfortunately, there are no experimental models that test the cord traction theory directly. Techniques for inducing neural tube defects, for example, introduce a wide variety of variables including hydrocephalus, myelomeningocele, caudal dislocation of the brain stem and cerebellum, hypoplasia of the PCF, and enlargement of the FM [9] that have more than one potential mechanism of tonsillar ectopia and are difficult to relate to CM-I. To date, lesions that tether the spinal cord have been reported only occasionally in association with CM-I including ten patients with lipomyelomeningocele [5,41,68,75], 4 patients with a "tight" FT [53] , one patient with an intraspinal lipoma [49] , and a 3 year-old girl with a thick fatty FT who exhibited increasing tonsillar herniation with somatic growth [1] . To date, there are no published reports of an explicit relationship between CM-I and TCS. In a recent study of spinal cord traction in fresh cadavers [71] , caudal tension on the CMD was found to produce less than 1 mm downward movement of the medulla and upper cervical spinal cord and no displacement of the cerebellar tonsils. The authors concluded that caudal fixation of the spinal cord is an implausible cause of CM-I and that SFT is unlikely to reverse tonsillar ectopia.
Modern interest in TCS may be said to have been stimulated by Hoffman et al [18] who reported a series of 31 children with spina bifida occulta and elongated spinal cords in whom section of a fibrotic or lipomatous FT resulted in significant symptomatic improvement. The authors introduced the term tethered spinal cord to distinguish the disorder from more complex conditions such as myelomeningocele, lipomyelomeningocele, diastematomyelia, and intraspinal space-occupying dysraphic lesions such as dermoid tumors. In recent years, TCS has come to be recognized as a clinically important disorder in children and adults [2, 16, 17, 21, 27, 28, 48, 74, 80] . Anatomical abnormalities of the FT are thought to be due to disturbances of retrogressive differentiation during secondary neurulation that contribute to fibrofatty infiltration and reduced viscoelasticity [27, 28, 72, 79] . The pathogenesis of the syndrome is attributed to downward traction on the CMD by a tight FT that results in stretching of neuronal elements [2, 55, 67] , impaired regional blood flow [15, 24, 26, 56] and a decrease of oxidative metabolism [81] . The symptomatology includes bladder and bowel disturbances, back and leg pain, lower extremity weakness, and segmental sensory disturbances [2, 10, 17, 28] . The traditional diagnosis of TCS has required radiographic evidence of a short, thick or fatty FT and a lowlying CMD with its tip positioned at or below the lower endplate of L 2 [23, 48, 59, 65, 74, 78, 82] . The syndrome is associated with an increased incidence of terminal thoracic syringomyelia [7, 12, 22] .
The possibility that TCS can occur in patients with normal position of the CMD was first proposed by Warden and Oakes [74] . In 1990, Khoury et al [25] , reported a series of 31 children with neurogenic bladder dysfunction and normal radiographic findings in whom SFT resulted in symptomatic improvement in 72% of the patients. Subsequent surgical series in children with TCS and a normally positioned CMD have described clinical or urodynamic improvements in 71% to 100% of the patients [34, 42, 47, 57, 58, 61, 74, 76] . Growing interest in the concept of minimal or occult TCS has required a re-examination of the criteria for diagnosis and surgical intervention [59, 66, 72, 80] . In a recent questionnaire-based survey of attendees at the Annual Meeting of the American Association of Neurological Surgeons (AANS)/Congress of Neurological Surgeons (CNS) Section on Pediatric Neurological Surgery in December, 2004, the responses revealed a high level of uncertainty concerning the surgical indications for SFT in children with voiding disturbances when the CMD is positioned normally [65] .
The controversial status of TCS posed a number of challenges for the current study. Because the diagnosis is inexact and often subjective, we relied on generally accepted clinical and radiographic criteria [2, 10, 18, 23, 28, 42, 52] . These criteria were supplemented by additional tests and a grading system to minimize subjectivity. Using this methodology, 408 (14%) of 2987 patients with CM-I and 182 (63%) of 289 patients with LLCT met the diagnostic criteria for TCS. To further validate the diagnosis, the reported results were limited to findings in 318 patients undergoing SFT so that intraoperative findings and surgical outcome data could be correlated. It is difficult to say whether entry requirements for this study broadened or narrowed the indications for untethering surgery since a number of patients were excluded, including those with a neurogenic bladder, if they did not meet a graded list of objective criteria.
Morphometric measurements of the PCF revealed major differences between patients with CM-I/TCS and LLCT/TCS and those with generic CM-I. In the latter cohort, there were significant reductions in occipital bone size, PCFV, and size of the FM as compared to healthy control individuals (P b .001). The findings were consistent with previously reported data, and support the generally held belief that CM-I is caused by underdevelopment of PCF and overcrowding of the hindbrain which are responsible for herniation of the cerebellar tonsils [4, 31, 32, 38, 43] . In patients with CM-I/ TCS and LLCT/TCS, on the other hand, the occipital bone size was normal, the PCFV was normal, and the size of the FM was enlarged (P b .001) as compared to healthy control individuals. Absence of a small PCF would appear to exclude hindbrain overcrowding as the proximate cause of tonsillar herniation and suggests that CM-I/TCS represents a distinct clinical entity that can be differentiated radiographically from generic CM-I. In a morphometric analysis of the PCF in children, Tubbs et al [69] reported evidence of enlargement of the FM and caudal displacement of the brainstem in 6 patients with Chiari 0 malformation. The study did not include a volumetric assessment of the PCF. Subsequently, the authors reported normal PCF volumes in patients with CM-I and lipomyelomeningocele [68] and have recently described a family with four generations of CM-I in which all members had a normal PCFV [70] . The similarities of these cases to those in the current study suggest that some may have been associated with occult spinal cord tethering. Enlargement of the FM under these circumstances is consistent with a process that occurs early in development before the basioccipital and spheno-occipital sutures are well formed [13, 19, 30] .
In 318 patients with CM-I/TCS or LLCT/TCS, the symptomatology of spinal cord tethering tended to be subordinated to that of TH and associated abnormalities. Traditional radiographic criteria such as low position of the CMD applied to only a small minority of patients. The most reliable diagnosis of TCS was made by morphometric assessments of the CCJ rather than the TLJ. In particular, in all patients with a favorable response to SFT (n = 272), there was evidence of brain stem elongation and downward displacement of the hindbrain as reflected by a decreased MH and an increased distance of the fourth ventricle below Twining's line. There were 6 adult patients whose condition did not improve after SFT. The reliability of morphometric assessments for predicting short-term surgical outcome was 98%.
The difficulties of diagnosing TCS radiographically were evident at surgery. Typically, the FT was positioned dorsally against the overlying dura, had weak or absent signal for fat, and measured less than 1 mm in transverse diameter. These features are at the lower ranges of MR imaging resolution. The dura overlying the FT was typically thin and semitransparent (see Fig. 3A ). Although there was no methodology to measure mechanical tension, the FT appeared taut and vibrated like a guitar string when plucked through the dura. Other findings that were consistent with tightness of the FT included restricted or absent movements with respirations, lateral packing of the cauda equina (see Fig. 3B ), and reduced velocity of CSF flow in the lumbar theca (see Fig. 3D ), possibly as a consequence of decreased neural movements. The term occult TCS was felt to be particularly apt for a disorder characterized by clinical features of TCS, normal position of the CMD, and an FT that is difficult to identify by MR imaging.
As pointed out by many authors, the pathophysiology of occult TCS has been difficult to understand given the absence of a low-lying CMD [2, 28, 61, 65, 66, 72, 80] . Histological studies have suggested that fila obtained from patients with occult TCS may be more fibrotic than normal [58, 61, 78] , lending support to the notion that a normally positioned CMD could be tethered by a tight or inelastic FT [60, 66, 72, 78] . This hypothesis is supported by the following findings in the current report: [1] the width of the FT decreased steadily as the CMD ascended during growth and development; [2] most patients with normal position of the CMD had positive FT traction tests; [3] at surgery, the FT appeared as a thin, taut, immobile structure that was associated with lateral packing of the cauda equina and reduced regional CSF flow; and [4] immediately after SFT, there was marked distraction of the divided ends, normalized distribution and movements of the cauda equina and increased regional CSF flow (see Fig. 3C and E). Because CMD blood flow was not measured, we could not confirm that abnormalities are present [56, 81] or whether changes occur after SFT.
The most unexpected consequence of SFT was morphometric evidence of upward migration of the CMD (mean, 5.1 mm, P b .001), reduction of BSL (mean, 3.9 mm, P b .001), ascent of the cerebellar tonsils (mean, 3.8 mm, P b .001), and ascent of the medulla (mean, 3.3 mm, P b .001) (see Fig. 6 ). In some cases, these changes were accompanied by an improvement of scoliosis or syringomyelia (see Fig. 7 ). Because MR imaging was performed 1 to 18 months after surgery (mean, 5.7 months ± 3.8 [±SD]), the extent of longterm changes and the interval over which they occur have not been established.
The key question raised by these findings is how can traction from below account for tonsillar ectopia in patients whose CMD is in a normal position? The phenomenon on its surface appears contradictory. Lacking a direct way to measure tension in the filum and neural tissues, we relied on circumstantial evidence. Intraoperative observations were made with the patient prone on a standard operating table with bolsters under the shoulders and hips that maintained some degree of lumbar lordosis. Under these conditions, the filum was found in a posterior position immediately beneath the overlying dura. The dorsal midline dura was characteristically thin and ectatic resembling a wear tract. When seen through the dura or after opening dura, the filum was abnormally thin (0.8 mm mean diameter), appeared tight to experienced eyes, did not move with respirations, and vibrated when manipulated. Upon sectioning, the filum snapped and retracted briskly with the cut ends falling limply into the ventral subarachnoid space (see Fig. 4 ). Intraoperative CDU imaging revealed a significant increase in CSF flow and increased movements of the cauda equina after sectioning (see Fig. 3 ). Despite normal position of the CMD as defined by standard radiographic criteria, postoperative morphometric measurements demonstrated that it had migrated cephalad to a new position significantly above its original position. Our working hypothesis is that the association of CM-I and TCS is explained by a tight and inelastic FT. If the FT is extremely tight, as in the case of patients with thick fatty fila, the conus is anchored and remains below the lower endplate of L 2 . On the other hand, if the FT is sufficiently elastic, it can stretch with somatic growth allowing the conus to ascend to a position assumed to be normal while maintaining varying degrees of pathological tension. The best evidence for this is that the conus ascends after SFT accompanied by ascent of the hindbrain and normalization of brain stem length. Such a hypothesis could embrace a continuum of abnormally tight fila having varying degrees of thickness and tension that result in varying positions of the CMD and hindbrain.
From a diagnostic standpoint, we believe that occult spinal cord tethering should be suspected in any patient with CM-I or LLCT who has TCS-like symptoms that are accompanied by positive FT traction tests, terminal thoracic syringomyelia, thoracolumbar scoliosis, or cerebellar ptosis after Chiari decompression surgery. The disorder should probably be added to the differential diagnosis of ill-defined conditions such as idiopathic scoliosis, behavioral disturbances in children, delayed toilet training, low back pain, restless legs syndrome, and genitourinary dysfunction in adults. The most reliable diagnosis of occult TCS in this study was made by morphometric measurements showing elongation and downward displacement of the hindbrain on MR imaging scans of the brain and cervical spine.
Optimal strategies for the management of patients with CM-I/TCS have yet to be determined. Based on our current experience, we do not perform and do not recommend untethering surgery in patients with normal position of the CMD unless there is evidence of brainstem elongation, downward displacement of the medulla, and low position of the fourth ventricle. In patients with large tonsillar herniations extending below the arch of C 1 , it is our practice to perform a posterior fossa decompression before SFT to avoid the potential risk of exacerbating tonsillar herniation by the sudden release of lumbar CSF. Untethering is then performed as a staged procedure. In all other patients, untethering is performed as the primary procedure, and the patients are followed for evidence of tonsillar ascent symptomatic improvement over an indeterminate period of time. Most of the patients in this latter subset are currently improved and no longer meet our indications for Chiari surgery [36] , but longer follow-up is obviously required. The observations in this retrospective report will need to be confirmed by prospective, randomized, carefully controlled studies that are capable of providing Class I evidence.
Conclusions
An association of CM-I and TCS is described that mimics generic CM-I but is distinguished from it by the presence of a normally sized PCF. Typically, the FT is thin and taut and the CMD is positioned above the lower endplate of L 2 . TCS was found to be accompanied by varying degrees of tonsillar herniation and was particularly common in patients with LLCT. Associated abnormalities included cerebellar ptosis in patients with failed Chiari surgery, terminal thoracic syringomyelia, and idiopathic scoliosis. The most reliable diagnosis of occult spinal cord tethering was made by morphometric evidence of brain stem elongation, downward displacement of the hindbrain, and enlargement of the FM. The absence of a hypoplastic PCF and the presence of an enlarged FM are consistent with cord-traction as the proximate cause of tonsillar ectopia. The apparently contradictory phenomenon of a normally positioned CMD may be explained by variations in the elasticity and plasticity of the tight FT which allow the conus to ascend with somatic growth while maintaining some degree of pathological tension. Simple SFT may be effective in relieving symptomatology, restoring normal brain stem length, normalizing the position of the cerebellar tonsils, and, in many cases, avoiding the need for posterior fossa surgery.
